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Abstract 
Solar cells fabricated by piezoelectric semiconductor materials, such as GaN, AlN and 
CdS, enable better performance due to the piezo-phototronic modulation. Recent experiments 
have revealed the possibility to further improve the energy conversion efficiency of 
perovskite solar cells with a gallium nitride (GaN) substrate as the electron transport layer. In 
this study, a perovskite piezo-phototronic solar cell with a GaN layer has been investigated 
theoretically. The open-circuit voltage, current-voltage curves, fill factor, efficiency of power 
conversion, and power of maximum output under applied strains are obtained. While the 
applied strain is 1%, the open-circuit voltage has been improved by 3.8%. This design can 
offer a practical approach to produce high-efficiency perovskite solar cells. 
 
Keywords 
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1. Introduction 
Piezoelectric semiconductor materials, such as GaN, AlN and CdS, have attracted 
tremendous attention in the field of nano-science 1. Based on the coupling of piezoelectric and 
semiconductor properties, these novel materials have been applied in various electronic and 
optoelectronic devices such as nanogenerators 
2-4
 ,piezoelectric field effect transistors 
5-8
, 
piezotronic light emitting diodes 9 and piezo-phototronic solar cells 10. Solar cells fabricated 
by piezoelectric semiconductor materials enabled a better performance based on the 
piezo-phototronic effect 
4, 11-13
. 
Since the first report of efficient solid perovskite cells was published in 2012, there has 
been a rapid growth in research and development of perovskite solar cells due to their 
superior properties, including high solar absorption, low carrier recombination and effortless 
fabrication 
14-17
. Recent advances also revealed the piezo-phototronic characteristics of 
perovskite materials and proposed a design of peizo-phototronic effect enhanced perovskite 
solar cell 
18
. Meanwhile, recently conducted experiments have revealed the possibility to 
further improve the energy conversion efficiency in the graded bandgap perovskite solar cell 
with a GaN substrate as the electron transport layer 19.  
The basic principle of a solar cell is that the built-in electric field separates electron-hole 
pairs generated by incidenting photons in a metal-semiconductor contact or a p-n junction. 
Piezoelectric field induced by piezoelectric charges can efficiently improve the separation 
process of photo-generated electron-hole pairs 4, 20. Such photovaltic devices, called 
piezo-phototronic solar cell (PSC) have been fabricated experimentally 
21-23
. A high energy 
conversion efficiency has been essential for large-scale photovoltaic systems 
24
. The 
perovskite solar cells with the GaN substrate can have potential to achieve high conversion 
efficiencies. There are several noteworthy semiconductor properties of GaN PSC. The 
piezoelectric constant (0.73 C/m
2
) of GaN is large 
25
, and the relative dielectric constant (8.9) 
is small 26, which gives rise to realization of extraordinary piezoelectrical adjustments. 
Meanwhile, the graded bandgap perovskite solar system also shows excellent performance 
with the short-circuit current density of 42.1 A/cm
2
 and the fill factor of ~75%, which paves 
Page 2 of 20
ACS Paragon Plus Environment
ACS Applied Energy Materials
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
3 
 
the way for the high performance GaN perovskite PSC. 
This work describes a perovskite piezo-phototronic solar cell with a GaN layer, with 
improved performance by applying the piezo-phototronic effect 
19
. Fig.1 schematically shows 
the structure of the design. The structure is considered as a multi-junction solar cell. The main 
structure is a GaN layer sandwiched between the top electrode material and the perovskite 
layer, as illustrated in Fig. 1(a) [22]. The top electrode material together with the GaN layer 
can form a p-n or a metal semiconductor (m-s) junction [22]. The GaN layer serves as an 
electron transferring layer in perovskite solar cells, the potential barrier at GaN/perovskite 
interface can be neglected [27]. For the top electrode material-GaN junction, the p-n or m-s 
model can be used for simulating the piezo-phototronic properties. The piezoelectric charges 
can accumulate at the interface between the top layer and the GaN layer, where the depletion 
region is formed, which is for generating the built-in potential and adjust the transportation 
process of photon-generated carriers. The piezoelectric charges will screen at the 
GaN/perovskite interface due to the good conductivity of GaN and perovskite, and there is no 
potential barrier and depletion region in the GaN/perovskite contact [1, 28]. Fig.1 (b) and (c) 
show that the piezoelectric filed formed by accumulated charges enhances or reduces the 
Schottky barrier, respectively. Piezoelectric field is able to assist the separation of 
electron-hole pairs in the p-n or m-s contact by increasing the built-in potential. The 
characteristic parameters to evaluate the performance of solar cells, i.e. open-circuit voltage 
(Voc), current-voltage characteristics, fill factor (FF), power conversion efficiency (PCE), and 
maximum output power (Pm), are studied in this work. The open-circuit voltage of the 
perovskite solar cell with a GaN layer increases by 3.8%, and the ratio to quantify the 
piezo-phototronic modulation is simulated for PSCs. Piezoelectric potential will enhance the 
built-in electric filed which can improve the separation and transportation of electron-hole 
pairs. Therefore, the electrical current increases under applied strains 27-28. Further detailed 
research of this effect will be discussed in our future work. The principle of the 
piezo-phototronic solar cell is able to offer a practical method to produce an integrated 
photovoltaic system with higher efficiency and lower cost. 
 
2. Piezo-phototronic modulation on GaN-based solar cells 
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The characteristics of PSC are elucidated by piezo-phototronic theoraticl model. Voc of the 
PSC increases when an external strain is applied on the device and piezoelectric charges are 
induced. The theoretical models are built for p-n junction solar cells, and similar theoretical 
analysis can be obtained in metal-semiconductor solar cells 29. The total current density of the 
p-n junction solar cell is given by 27: 
 exp 1pn solar
qV
J J J
kT
  = − −    
 (1) 
Here 
pnJ  is the saturation current, solarJ  denotes the short-circuit current density, k stands 
for the Boltzmann constant, T represents the temperature, q  is the elementary charge and 
V  is the applied voltage. The saturation current can be obtained by 27: 
 
0 0p n n p
pn
p n
qD p qD
J
L
n
L
= +  (2) 
Where 
pD  is hole diffusion constant and nD  is electron diffusion constant. pL  is hole 
diffusion length and nL  is electron diffusion.  And 0np  is the thermal equilibrium holes 
concentration in the n-type semiconductor, 
0pn  is the thermal equilibrium electrons 
concentration in the p-type semiconductor, and 
0 exp
i Fn
n i
E E
p n
kT
− =  
 
, 
0 exp
Fp i
p i
E E
n n
kT
− 
=  
 
,  where in  is the intrinsic carrier denstity, iE  is the intrinsic Fermi 
level, and FnE  and FpE  are the Fermi levels of the n-type and p-type semicondutors 
respectively. So the saturation current density 
0pnJ  without piezopotential can be expressed as 
27
:  
 
00
0 exp exp
p i Fp ii F n i
n
n
pn
p
qD n E EE qD n
J
L kT L T
E
k
− − = +   
   
  (3) 
where 0FnE  and 0FpE  are the Fermi levels of the n-type and p-type semicondutors in the 
absence of piezopotential respectively. Based on the theory of piezo-phototronic solar cells, the 
Fermi level FnE  of n-type semiconductor and the Fermi level of p-type semiconductor FpE  
in the presence of piezopotential can be obtained by 
28
:  
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2 2
0
2
piezo piezo
Fn Fn
s
q W
E E
ρ
ε
= −  (4) 
 
2 2
0
2
piezo piezo
Fp Fp
s
q W
E E
ρ
ε
= +  (5) 
where piezoρ  denotes the piezoelectric charge density, piezoW  symbolizes the 
piezoelectrically generated charges distribution width, sε  is the dielectric constant. 
Substituting Equation (2-5) into Equation (1), the current-voltage characteristics of the 
piezoelectric p-n junction solar cell can be given by:  
 
 
2 2
0 0
exp exp 1
2
p n n p piezo piezo
sola
n
r
p s
qD p qD q W qV
J J
L L kT kT
n ρ
ε
      = + − −             
 (6) 
The induced piezoelectric charges within the GaN layer can be expressed as 4: 
 qρpiezoWpiezo = -e33ε (7) 
Where 33e  is piezoelectric constant in c-axis, and ε is the applied strain.  
Voc can be obtained as: 
 
2 2
ln
2
piezo piezosol
pn
ar
s
oc
q WJkT
V
q J kT
ρ
ε
  
≈ +      
 (8) 
The scale ratio γ  can represent the piezo-phototronic modulation for the PSC in terms of 
the open-circuit voltage and other output performances, derived with the method reported in 
18
, 
which is 
 
2 2
2
ln
piezo piezo
s
solar
pn
q W
kT
J
J
γ
ρ
ε

=

  
 
 (9) 
Furthermore, the output power is derived to 
 ( ) ( )
2 2
exp exp 1
2
piezo piezo
pn solar
s
q W qV
P V VJ V V J J
kT kT
ρ
ε
      = = − −           
 (10) 
When the power is at the maximum, the voltage satisfies the following equation: 
 
2 2
ln 1 ln
2
piezo piezom solar
m
pn s
q WqV JkT kT
V
q kT q J kT
ρ
ε
   + + = +          
 (11) 
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Consequently, mV  varies with the piezoelectric charges induced by the ε. The maximum 
power current density can be obtained as: 
 
2 2
0 0
exp exp 1
2
p n n p piezo piezo m
m solar
p sn
qD p qD q W qV
J J
L L kT kT
n ρ
ε
      = + − −             
  (12) 
Thus, the maximum output power mP  can be calculated by: 
 m m mP V J=  (13) 
The fill factor can be derived from the method described in reference 18,  
 
m m m
solar oc solar oc
P J V
FF
J V J V
= =  (14) 
The power conversion efficiency (PCE) is defined in 18: 
 
solar oc
in
J V FF
PCE
P
=  (15) 
 
3. Results and discussions  
Typical constants are used in calculations of the Voc, Pm, PCE, and FF. The temperature 
has been designated at 300K, piezoW  is assumed to be 0.543 nm 
30, the relative dielectric 
constant of GaN is 8.9 26, and 33e  of the GaN has the value of 0.73 C/m
2 25. 
Fig. 2(a) is the schematic of the model for simulation. A GaN layer is sandwiched between 
the top material and the perovskite layer. The relative current density J/Jpn0 versus voltage 
(J/Jpn0-V curve) of the GaN PSC with the external strain varying in the range of [-1% 1%] 
when the solarJ  is 42.1 mA/cm
2 19 is plotted in Fig. 2(b). Fig. 2(c) displays the curve of P 
versus V, indicating that the J rises with the strain and reaches a maximum value at mV . By 
calculating the Eq. (3) and Eq. (8), the ocV  linearly relating to the strain ε, together with the 
relation between mP  and the ε, are displayed in the Fig. 2(d). By introducing the 
piezo-phototronic effect, the properties of the GaN PSC improve due to the enhancement of 
m
V  and mP .  
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The modulation ratio γ  for PSC as the function of piezoW  and the ε is plotted in Fig. 3 
(a). As piezoW  varies in the region of 48 – 55 nm, corresponding to strain of -1.0% 
(compressive) and strain of 1.0% (tensile), the γ  changes from -3.232 % to 3.703 %. Fig. 
3(b) is the γ  versus the strain when solarJ  is at 42.1 mA/cm2 19 and 0.83 mA/cm2 31. As 
the piezoW  widens, the γ  increases, as illustrated in Fig. 3(c). Both the semicondutor and 
the top material can influence the piezoW  
32-33. Fig. 3(d) depicts the ratio γ  relating to the 
applied strain for three piezoelectric materials: GaN, CdS and AlN. The ratio γ  is 
calculated by using the same parameters of GaN ( scJ , 0pnJ , etc.) except for the piezoelectric 
constant and the relative dielectric constant. The piezoelectric constants are 0.73 C/m2 (GaN) 
25
, 0.44 C/m
2
 (CdS) 
34-35
, 1.46 C/m
2
 (AlN) 
36
. The relative dielectric constants are 8.9 (GaN) 
26
, 
5.7 (CdS) 
37
, 9.14 (AlN) 
38
. Fig. 3(d) displays that the curve of CdS is close to GaN’s, and the 
ratio γ  of AlN increases more distinctly than GaN’s and CdS’s with the strain varying from 
-1% to 1%. When considering the influence of material properties, the ratio of piezoelectric 
constant to relative dielectric constant plays an important role in the performance of PSC. 
Using the Eqs. (9) and (10), FF and PCE, properties describing the characteristics of PSCs, 
are presented in Fig. 4(a) and Fig. 4(b) with the ε increasing linearly in the region of [-1% 
1%]. A better output performance of the GaN PSC is demonstrated attributed to the improved 
FF and PCE caused by increasing Voc with the applied external strain.  
Piezophototronic effects of other 8 types of piezoelectrical materials have been calculated 
and summarised in Table 1. The PCE, FF, ocV  and γ  of PSC based on different materials 
are calculated with different 33e  and rε  under a strain of 1% respectively, and other 
parameters concerned with calculations, such as scJ , 0pnJ  and etc, are the same as precedent 
calculations of GaN solar cell. As shown in Table 1, the ratio γ  of AlN is about two times 
larger than GaN’s. The preferable performances of AlN, GaN and CdS are benefited from 
large piezoelectrical constants and small relative dielectric constants, indicating that a better 
performance may be obtained from the material whose piezoelectrical constant is large and 
relative dielectric constant is small. The two-dimensional electron gas mobility in the GaN 
Page 7 of 20
ACS Paragon Plus Environment
ACS Applied Energy Materials
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
8 
 
can be enhanced because the piezoelectric effect is able to improve electron confinement 
described in a previous literature 
39
, as well as conductivity of GaN, which is a function of the 
electron mobility 
27
.  
 
4. Conclusion  
To conclude, the concept of piezotronically enhanced GaN perovskite PSC has been 
postulated and subsequently simulated in this work. Key parameters characterizing the device 
including Voc, Pm, P, and FF have been mathematically calculated. It is shown that the PSC 
demonstates improved performances under externally applied strains, especially for the 
open-circuit voltage. Moreover, GaN and AlN show a greater potential for high-efficiency 
PSCs than other piezoelectric materials. The simulation results provide physical insights of 
the GaN perovskite PSCs and can serve as guidance on the design of perovskite 
piezo-phototronic energy harvesting devices. 
 
 
 
 
 
 
 
 
Figure caption 
 
Fig.1. Schematic of the structure and the energy band diagram of the GaN and perovskite PSC. 
(a) without strain. (b) with the tensile strain. (c) with the compressive strain. The color 
variance depicts the schematic of the piezopotential at the GaN layer. 
 
Fig. 2. (a) Conceptual diagram of a GaN PSC based on p-n junction (upper side) and Ohmic 
contact (bottom side). (b). Relative current density-voltage (J/Jpn0-V -V) curve with ε 
increasing in the range of [-1% 1%]. (c) The output power of a GaN PSC as function of 
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voltage as ε is within the region of [-1% 1%]. (d) Pm and Voc versus the external strain 
applied.  
 
Fig. 3. (a) γ  of PSC changes with piezoW  and the external strain. (b) γ  of the GaN PSC 
versus the ε. (c) γ  of the GaN PSC in relation to piezoW  under the ε of 0.2% to 1% with a 
step size of 0.4%. (d) The γ  of the simulated device versus the strain ε with three 
piezoelectric materials: GaN, CdS and AlN. 
 
Fig.4. (a) FF and (b) PCE of GaN PSC with the applied strain varying in the region [-1% 
1%].   
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Table: 
 
Table 1. Comparison between the performances of piezoelectric solar cells based on 9 types 
of materials. 
Materials e33(C/m
2) ɛr PCE FF Voc(V) γ 
CdTe 0.03
36
 11
40
 24.48% 84.40% 0.689 0.12% 
CdSe 0.347
35
 5.8
41
 25.18% 84.69% 0.706 2.67% 
CdS 0.440
35
 5.7
37
 25.40% 84.77% 0.711 3.44% 
InP 0.04
36
 12.5
42
 24.48% 84.40% 0.689 0.14% 
InAs -0.03
36
 15.15
42
 24.47% 84.39% 0.689 0.08% 
InN 0.97
36
 15.3
26
 25.23% 84.70% 0.707 2.83% 
GaN 0.73
25
 8.9
26
 25.46% 84.79% 0.713 3.66% 
AlN 1.46
36
 9.14
38
 26.42% 85.16% 0.734 7.12% 
GaAs -0.12
36
 13
40
 24.56% 84.43% 0.691 0.41% 
(PCE, Voc, FF of Table 1 are calculated under 1% strain, and PCE, Voc, FF are 21.7%, 0.688V, 
0.75
 
). 
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